
Project Review ςSeptember 28, 2022

PIs:WŀŎǉǳŜƭƛƴŜ hΩ/ƻƴƴƻǊΣ DǳƘŀ aŀƴƻƎƘŀǊŀƴΣ ¸ǳŀƴ ·ǳŀƴ
Graduate students: Sagar Jalui, Pratikshya Mohanty

Mechanical Engineering
Pennsylvania State University

Industry Partner: Solar Turbines Incorporated
Engineers:Hanjie Lee, Michel Akiki, Dave Voss

Development and Evaluation of a Novel Fuel Injector Design 
Method using Hybrid-Additive Manufacturing

Project DE-FE12806463, Oct. 2019 ςSept. 2022 (Sept. 2024 NCE)
Program Monitor:  Mark Freeman

1



Overview of presentation

2

τBackground and technical approach

τHighlights from Year 3

τGeometry definition and watertightness

τImpact of optimization step size

τNext steps

τPublications and outreach



Overview of presentation

3

τBackground and technical approach

τHighlights from Year 3

τGeometry definition and watertightness

τImpact of optimization step size

τNext steps

τPublications and outreach



Project origin: Discussions with industry about issues related to combustion 
operability and fuel injector manufacturing
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ά²Ƙȅ Řƻ ŦǳŜƭ ƛƴƧŜŎǘƻǊǎ ƘŀǾŜ ǘƻ ƭƻƻƪ 
ƭƛƪŜ ŦǳŜƭ ƛƴƧŜŎǘƻǊǎΚέ



Current fuel injector designs do well at flame stabilization for a moderate range of 
fuel compositions, operating conditions
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Stable combustion

Unstable combustion

Off-design operation

DOE University Turbine Systems Research 
Program, Mark Freeman (contract monitor), 
Grant DE-FE0025495



²ƻǊƪ ōȅ tL ŀƴŘ ŎƻƭƭŀōƻǊŀǘƻǊǎ Ƙŀǎ ǎƘƻǿŜŘ ǘƘŀǘ ŀ ǎǘŀōƭŜ Ŧƭƻǿ Ŏŀƴ ōŜ άŘŜǎƛƎƴŜŘέ ǳǎƛƴƎ 
hydrodynamic stability analysis
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Flow parameter variation

Time-averaged flow

Coherent response



Fuel injectors are notoriously difficult to manufacture and can be comprised of 
dozens of components, assembled by hand 
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Complex aerodynamic surfaces

Small orifices with specified 
surface finish

Internal flow passages

Solar Turbines, https://www.youtube.com/watch?v=hrOYuGM-tfQ

https://www.youtube.com/watch?v=hrOYuGM-tfQ


Goal of this project is to create a design optimization paradigm that marries 
combustion physics and manufacturing
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Dynamic flame 
stability

Fuel flexibility Manufacturability



The team is comprised of three PIs and two grad students from Penn State and 
industrial partners Solar Turbines 
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Combustion simulation



Technical approach uses an optimization framework for incorporating combustion 
and manufacturing constraints
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High-fidelity combustion simulation uses STAR-CCM+ to allow more rapid industry 
adoption
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τLarge eddy simulation (LES) using STAR-CCM+

τFlamelet generated manifold (FGM) model 

τUnstructured polyhedral mesh (~16.7 million cells)



Project objectives center around four gaps in the fuel injector design process to help 
industry
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τ Integrate issues related to flame static and dynamic stability more seamlessly 
into the design process

τ Incorporate the use of hydrodynamic stability analysis for prediction of dynamic 
stability issues for efficient computational prediction

τ Incorporate high-fidelity, multi-physics modeling into optimization processes

τLink post-processing steps of the AM component into the design optimization 
process



Project objectives center around four gaps in the fuel injector design process to help 
industry
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τTask 1: Project management and planning

τTask 2: Establish baseline

τTask 3: Develop design optimization tool

τTask 4: Implement optimization process on baseline configuration

τTask 5: Design process improvement

τTask 6: Integration of improved design process

τTask 7: Final process testing and technology transfer
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Injector surfaces are defined using NURBS to allow for precise shape quantification 
and flexibility in changing the shape
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NURBS Surface:
Non-Uniform Rational Basis Splines
Å Super set of all surfaces:

Å Standard
Å Free-form

Å Enable local control

Ὓόȟὺ
В В ὔȟ όὔȟ ὺύȟὖȟ

В В ὔȟ όὔȟ ὺύȟ
π όȟὺ ρ

Source: The NURBS Book (1997)

Å Control points coordinates (in u & v)
Å Number of control points (in u & v)
ÅWeights (for all control points)
Å Degree (in u & v)
Å Knot vectors (in u & v)

NURBS Python
(geomdl)

Å Visualization 
Å Manipulation


